Aims/hypothesis Serum adiponectin has been reported to impact upon fracture risk in the general population. Although type 2 diabetes is associated with increased fracture risk, it is unclear whether serum adiponectin predicts fractures in individuals with type 2 diabetes. The aim of the study was to prospectively investigate the relationship between serum adiponectin and fracture risk in individuals with type 2 diabetes. Methods In this study, data was obtained from The Fukuoka Diabetes Registry, a multicentre prospective study designed to investigate the influence of modern treatments on the prognoses of patients with diabetes mellitus. We followed 4869 participants with type 2 diabetes (mean age, 65 years), including 1951 postmenopausal women (defined as self-reported amenorrhea for >1 year) and 2754 men, for a median of 5.3 years. The primary outcomes were fractures at any site and major osteoporotic fractures (MOFs).
Introduction
The recent advancements in treatments for diabetes mellitus and its complications have prolonged life expectancy, resulting in the need for a better understanding of the care of older people with diabetes [1] [2] [3] . Osteoporosis develops with ageing, especially in postmenopausal women, and leads to a marked increase in fractures after 70 years of age [4] . Diabetes mellitus is an emerging risk factor for osteoporosis and fractures, although the pathogenesis appears to be multifactorial, including non-enzymatic glycation of collagen, decreased bone turnover, oxidative stress, microvascular disease, certain diabetes medications and an increased risk of falling [5, 6] . It was previously reported that bone mineral density (BMD) did not predict fractures in individuals with type 2 diabetes [7, 8] and that the WHO fracture risk assessment tool (FRAX) algorithm underestimated their fracture risk [8] . Thus, predictors of future fractures remain to be determined in individuals with type 2 diabetes.
Adiponectin released from adipose tissue has anti-inflammatory, anti-atherogenic and insulin-sensitising effects [9] . Adiponectin and its receptors are also expressed in human osteoblasts [10] , suggesting that adiponectin may play a functional role in bone metabolism. It has been reported that serum adiponectin negatively correlates with BMD [11] and may be a predictor of future fractures in non-diabetic men [12] [13] [14] , although inconsistent results have been reported [15] . Hypoadiponectinaemia is associated with insulin resistance, obesity and type 2 diabetes [9] but it is not known whether serum adiponectin may also predict fractures in individuals with type 2 diabetes. The present study was designed to prospectively investigate the relationship between serum adiponectin and fracture risk in individuals with type 2 diabetes.
Methods
Study participants The Fukuoka Diabetes Registry is a multicentre prospective study designed to investigate the influence of modern treatments on the prognoses of patients with diabetes mellitus. The registry includes individuals that regularly attended teaching hospitals certified by the Japan Diabetes Society or certified diabetes clinics in Fukuoka Prefecture, Japan (UMIN Clinical Trial Registry 000002627) [16] . A total of 5131 individuals with diabetes mellitus, aged 20 years or older, were registered between April 2008 and October 2010. Exclusion criteria for the registry were as follows: (1) patients with drug-induced diabetes or those undergoing corticosteroid treatment; (2) patients undergoing renal replacement therapy; (3) patients with serious diseases other than diabetes, such as advanced malignancies or decompensated liver cirrhosis and (4) patients unable to visit diabetologists regularly. After excluding 208 participants with type 1 diabetes and one individual with no serum adiponectin concentration measurement, the remaining 4922 participants were enrolled in the baseline examination. Of the baseline participants, follow-up data regarding bone fractures were not completely obtained in 53 participants (33 participants died, 18 participants were lost to follow-up and two participants withdrew) and thus 4869 participants (2754 men, 1951 postmenopausal women [defined as self-reported amenorrhea for >1 year] and 164 premenopausal women) were ultimately selected for the present study (median follow-up period, 5.3 years; follow-up rate, 97.6%). Study approval was obtained from the Kyushu University Institutional Review Board and all participants provided written informed consent.
Clinical evaluation at baseline Information regarding diabetes duration, smoking habits, alcohol intake, leisure-time physical activity (LTPA) and history of laser photocoagulation for diabetic retinopathy, coronary heart disease (CHD) or stroke were obtained using a self-administered questionnaire. Smoking habits and alcohol intake were classified as either current use or not. BMI was calculated from body weight and height. Participants' medical records were reviewed for all medications, including pioglitazone and insulin. LTPA was assessed as metabolic equivalent (MET) hours per week using Ainsworth's methods [17] . The dietary survey, including calcium and vitamin D intakes, was conducted using a brief selfadministered diet history questionnaire regarding the frequency of 58 food items (BDHQ; Gender Medical Research, Tokyo, Japan). The validity of ranking the energy-adjusted intakes of many nutrients has been studied previously in an adult Japanese population [18] .
Laboratory measurements Blood samples were collected by venepuncture, and spot urine samples were obtained. Serum total adiponectin levels were determined by latex immunonephelometry (Mitsubishi Chemical Medience, Tokyo, Japan) with the intra-assay and inter-assay coefficients <2% and correlation with ELISA, r = 0.99 [19] . HbA 1c levels were assessed by HPLC (Tosoh Corp., Tokyo, Japan). Cystatin C concentrations were measured by latex immunonephelometry (LSI Medience, Tokyo, Japan). Urinary N-terminal telopeptide of type I collagen (uNTx) levels were determined by enzyme immunoassay (Alere Medical, Tokyo, Japan) (cut-off 89.0 nmol bone collagen equivalents [BCE]/mmol·urinary creatinine for postmenopausal women; 66.2 nmol BCE/mmol·urinary creatinine for men [20] ). The estimated glomerular filtration rate calculated based on cystatin C (eGFR cys ) was determined using the equation proposed by the Japanese Society of Nephrology [21] . The eGFR cys was recently reported to be a better predictor of fractures than creatinine-based estimated GFR (eGFR) [22] .
Assessment of fractures History of fractures was obtained at enrolment, and fractures at any site were assessed annually using a self-administered questionnaire. The first fracture that occurred after enrolment was identified. Major osteoporotic fractures (MOFs) were defined as fractures of spine, hip, upper humerus and wrist. However, since it was difficult for the participants to answer the Japanese questionnaire as to the precise fracture sites in the upper extremity, we combined upper humerus and wrist fractures as arm fractures. The primary outcomes were: (1) fractures at any site and (2) MOFs. The follow-up period was calculated as the time from enrolment to the first fracture, death or the planned study ending, whichever occurred first.
Statistical analysis Premenopausal women (n = 164) in the full cohort were excluded from most analyses in view of small numbers. Since the distribution of adiponectin levels was skewed toward higher values, log e -transformed values were used for statistical analyses. The difference in the mean values or proportions of the baseline characteristics were tested by Student's t test or χ 2 test, as appropriate. Incidence of any fracture and MOF was calculated for every 2 μg/ml of serum adiponectin, using the person-years method and adjusted for age and sex by the direct method for all participants. Because previous studies reported that the relationship between BMI and fractures was non-linear [23] , further adjustment for BMI was performed by tertiles (tertile 1 < 21. . Cox proportional-hazards models were used to estimate the HRs per 1 SD increment in log e -transformed serum adiponectin and the results were reported as HRs with estimation of 95% CIs for serum adiponectin levels in relation to fracture. In the multivariableadjusted model, the following covariates known to be potential risk or protective factors for fractures were selected: age, sex, BMI tertile, diabetes duration, current smoking habits, current drinking habits, daily calcium intake, LTPA, HbA 1c , eGFR cys , uNTx, history of photocoagulation, CHD, stroke or MOFs and use of pioglitazone or insulin therapy. Multivariable-adjusted Cox proportional-hazards models were also used to evaluate the HRs and 95% CIs for each risk factor, including hyperadiponectinaemia (≥20 μg/ml), age, sex, BMI tertile, current smoking habits, current drinking habits, daily calcium intake, LTPA, HbA 1c ≥7.5% (58.5 mmol/mol), chronic kidney disease (CKD) (eGFR cys <60 ml min
), uNTx, history of photocoagulation, CHD, stroke or MOFs and pioglitazone use or insulin therapy. Per cent attributable risk (PAR) was calculated as a percentage of the prevalence of fracture risk potentially attributable to a risk factor that would be reduced if the risk factor was removed. The positive and negative predictive values, sensitivity and specificity of hyperadiponectinaemia for incident fractures were determined.
To validate the prediction of hyperadiponectinaemia, the positive and negative predictive values and the sensitivity and specificity were calculated on a random sample of 50% of the total participants and then the estimated fracture number was compared with the actual fracture number for the remaining participants. All statistical analyses were performed with the Statistical Analysis Software (SAS) version 9.3 (SAS Institute, Cary, NC, USA). Values of p < 0.05 were considered statistically significant in all analyses.
Results
Baseline characteristics of all participants, postmenopausal women and men according to the fracture group are summarised in Table 1 . During the follow-up period (median 5.3 years; follow-up rate 97.6%), fractures occurred in 682 participants including 413 postmenopausal women and 249 men. MOFs occurred in 277 participants (138 in spine, 53 in hip, 86 in arm). Fractures were more common among women than men. Participants with fractures were older and had longer duration of diabetes, higher serum adiponectin level and lower eGFR cys and a higher percentage had a history of PC for retinopathy than participants without fractures. In postmenopausal women with fractures, a significantly increased percentage had a history of pioglitazone use, any fracture, MOFs and CHD compared with postmenopausal women without fractures. In men, HbA 1c , uNTx and the percentage having used insulin were significantly higher in those with fractures.
Serum adiponectin concentration varied according to BMI tertile in postmenopausal women (tertile 1, 11.8 μg/ml [95% CI 11.1, 12.7]; tertile 2, 9.9 μg/ml [95% CI 9.4, 10.4]; tertile 3, 9.8 μg/ml [95% CI 9.3, 10.3]; p for trend <0.001) and in men (tertile 1, 9.3 μg/ml [95% CI 9.0, 9.8]; tertile 2, 7.5 μg/ml [95% CI 7.3, 7.9]; tertile 3, 6.7 μg/ml [95% CI 6.3, 7.0], p for trend <0.001). Figure 1a displays the age-and sex-adjusted incidence of any fracture and MOFs for every 2 μg/ml of serum adiponectin in all participants. The age-and sex-adjusted incidence of any fracture consistently increased up to 24-26 μg/ml of serum adiponectin. In contrast, MOFs remained stable until 18-20 μg/ml of serum adiponectin, at which point it rapidly increased, peaking at 24-26 μg/ml of serum adiponectin. Fracture incidences did not substantially change after additional adjustment for BMI (Fig. 1b) . Table 2 displays the HRs for any fracture and MOFs per 1 SD log e -transformed serum adiponectin. In postmenopausal women, the age-adjusted HR (95% CIs) was 1.27 (1.15, 1.40) for any fracture and 1.35 (1.17, 1.55) for MOFs. The HRs did not change substantially after adjustments for age, sex, BMI tertile, diabetes duration, current smoking habit, current drinking habit, daily calcium intake, LTPA, HbA 1c , 58.8 ± 11.5 59.6 ± 11.9
56.6 ± 11.0 58.4 ± 11.7
Serum adiponectin (μg/ml), median (95% CI) Although these remained significant after adjustments for multiple variables, the significance was diminished by further adjustment for pioglitazone use. Risk factors for fractures at any site and MOFs were evaluated in postmenopausal women and men using Cox proportional models (Table 3) . Hyperadiponectinaemia was defined as adiponectin levels equal to or higher than 20 μg/ml, based on incidence rates (Fig. 1) and a previous study [14] . In postmenopausal women, hyperadiponectinaemia, age and history of MOFs were associated with any fracture and MOFs. Furthermore, insulin therapy was significantly associated with MOFs. In men, age, low BMI (tertile 1 vs tertile 2) and uNTx were associated with any fracture and MOFs. History of photocoagulation for retinopathy, history of MOFs and use of pioglitazone were significantly associated with fractures at any site in men, whereas hyperadiponectinaemia, higher BMI (tertile 3 vs tertile 2) and current smoking were significantly associated with MOFs. Table 4 shows the PAR of significant risk factors for fractures at any site and MOFs in postmenopausal women and men. In postmenopausal women, history of MOFs had the highest PAR (52.4% for any fracture and 60.9% for MOFs). Hyperadiponectinaemia produced the second highest PAR for any fracture (37.7%) and the third highest for MOFs (50.8%) in postmenopausal women. In men, hyperadiponectinaemia had the highest PAR for MOFs (72.3%). In all participants, PAR of female sex and hyperadiponectinaemia was 55.8% and 46.8% in any fracture and 64.2% and 64.7% in MOFs, respectively.
Finally, the reproducibility and usefulness of hyperadiponectinaemia as a predictor for fractures were evaluated. We determined the positive and negative predictive values as well as sensitivity and specificity on a random sample of 50% of the total participants (n = 2435), and then validated the predictions on the remaining sample (n = 2434). For fractures at any site, the positive predictive value was 22.3%, the negative predictive value was 87.9%, the sensitivity was 17.2% and the specificity was 90.9% in the random sample. Estimated fracture number was 56 in participants with hyperadiponectinaemia, when the actual fracture number was 66. For MOFs, the positive predictive value was 13.0%, the negative predictive value was 95.7%, the sensitivity was 25.0% and the specificity was 90.7% in the random sample. Estimated fracture number was 33 in those with hyperadiponectinaemia, when the actual fracture number was 36.
Discussion
In this prospective study, we demonstrated that higher serum adiponectin levels were significantly associated with an increased risk of fractures at any site as well as MOFs in participants with type 2 diabetes. To our knowledge, this is the first prospective cohort study to demonstrate the association between serum adiponectin and fracture risk in individuals with diabetes. Particularly, previous studies have failed to demonstrate an association between serum adiponectin and fractures in postmenopausal women [12, 13] . The impact of hyperadiponectinaemia as a risk factor for MOFs appears to be as strong as wellestablished risk factors, such as age ≥70 years or female sex. b Fig. 1 Incidence of fractures at any site (white circles) and MOFs (black circles) for every 2 μg/ml of serum adiponectin in all participants with type 2 diabetes, adjusted (a) for age and sex or (b) for age, sex and BMI tertile. Blue arrows indicate incidence at 30 μg/ml of serum adiponectin
It was previously reported that there was a negative correlation between serum adiponectin and BMD in general [11] , although adiponectin levels did not correlate with fracture risk in elderly Swedish men [15] . In the Rancho Bernardo Study [12] , however, high serum adiponectin was associated with vertebral fracture risk in 277 men (mean age, 75 years) but not in 251 postmenopausal women (mean age 76 years). In the Health Aging and Body Composition study [13] , an association between high serum adiponectin levels and nonvertebral fractures was observed in 1568 men but not in 1476 postmenopausal women (aged 70-79 years). In the Osteoporotic Fractures in Men study in Sweden [14] , an association was observed between high serum adiponectin levels and fractures at any site in 999 men aged 70-81 years. The gradient of 22 ). The Swedish study also showed that the relationship between serum adiponectin and the risk of fractures was non-linear and that the association increased above 18 μg/ml of serum adiponectin. In individuals with type 2 diabetes, one small cross-sectional study (231 men, 170 postmenopausal women) demonstrated that there was a positive correlation between adiponectin and vertebral fractures only in men [24] . In contrast with these previous studies, we demonstrated that serum adiponectin was a fracture risk factor in postmenopausal women. This difference may be related to the fact that Japanese individuals with type 2 diabetes are not obese (mean BMI 23.8 kg/m 2 in the present study); obesity typically increases BMD and may prevent fractures [25] .
Since adipocytes and osteoblasts share a common progenitor [26] , adiponectin may play a functional role in bone homeostasis, but its exact role remains to be elucidated. Adiponectin stimulated human osteoblast proliferation and differentiation, while adiponectin stimulated receptor activator of nuclear factor-κB ligand and reduced osteoprotegerin mRNA expression in human osteoblasts, leading to osteoclastogenesis [27] . However, conflicting results have been reported regarding the effect of adiponectin on bone in adiponectinknockdown or adiponectin-overexpressing mice [28, 29] . In the present study, the association between adiponectin and MOFs remains significant after adjusting for uNTx, which is a bone resorption marker. However, prospective cohort studies suggest that high serum adiponectin levels may predict difficulty in daily activities [30] , lower extremity muscle strength [31] and incident falls [32] . It is possible that the association between adiponectin and incident falls may lead to an increased fracture risk, although we did not assess falls in our study.
In the present study, there was a steady increase in the risk of any fractures with increasing serum adiponectin, whereas a threshold may be present for MOFs (Fig. 1) . In a previous study, wherein 406 fractures (72 vertebral and 334 nonvertebral) occurred, there was no threshold noted for serum adiponectin [13] . However, in another study of elderly individuals aged over 70 years, wherein 150 fractures (99 fractures of the spine, hip, forearm and humerus) occurred, there was a threshold at 18 μg/ml of serum adiponectin [14] . Assuming that the fractures in the former study are similar to any fracture and those in the latter study to MOFs in our study, our results are consistent with these previous studies. These results may be related to the possibility that any fractures may be more traum atic than MOFs. In this context, hyperadiponectinaemia was not a significant risk for any fracture in men. Regarding adiponectin and MOFs, these findings suggest that bone strength may be affected upon exposure to high concentrations of adiponectin.
The risk of MOFs was higher in women than in men, and their respective risk factors may be different. Our study showed some sex differences in the risks for MOFs. Lower and higher BMI was a significant risk for MOFs in men, whereas there was no relationship between BMI and fractures in postmenopausal women (Table 3) . Furthermore, uNTx was a significant fracture risk in men but not in postmenopausal women. However, serum adiponectin was significantly associated with MOFs, even after adjustment for BMI tertile and uNTx, in both sexes ( Table 2) . The relationship between serum adiponectin and fracture risk remained significant after adjustment for pioglitazone use in postmenopausal women but the relationship was no longer significant in men. This difference may be explained as follows. First, the correlation between serum adiponectin and BMI may be stronger in men (Spearman's r − 0.260, p < 0.001) than in postmenopausal women (Spearman's r − 0.162, p < 0.001). Because low BMI was a significant risk factor for fracture in men, it might diminish the significance in men. Second, the impact of adiponectin on bone metabolism may be different between the sexes, as Ealey et al [33] showed that the negative effect of adiponectin overexpression on bone mass and strength was stronger in female mice than in male mice. Third, as the number of fractures was smaller in men than in postmenopausal women, the power to detect statistical differences may be different. Further studies are necessary to determine the mechanisms of sex differences. Some fracture risk factors are specific to individuals with type 2 diabetes. Poor glycaemic control has been reported to be associated with increased fracture risk [5, 6] . In our study, there were no significant differences in fracture risk between participants with HbA 1c ≥7.5% (58.5 mmol/mol) and those with HbA 1c <7.5% (58.5 mmol/mol) or HR per 1.0% increase in HbA 1c (data not shown). Thiazolidinediones, including pioglitazone, have been reported to be associated with an increased risk of fractures in the limbs rather than in the spine or hip [5, 34] . In the current study, fractures tended to be increased at any site in pioglitazone-treated participants. Chronic diabetic complications have been reported to be associated with fractures [5, 6] . However, we found that only a history of photocoagulation for retinopathy was associated with any fracture risk in men (Table 3) .
The strength of the current study lies in the prospective cohort design and the relatively large number of participants (mean age 65 years). This enabled us to include a wide range of potential confounders, including diet, physical activity, medications, uNTx and diabetic complications. However, several limitations of our study should be noted. First, fractures as an outcome were derived from self-reported data. When the accuracy of the self-administered questionnaire was evaluated in 455 fracture events by comparison with medical records, the agreement rate was 93.0% and there were no morphometric vertebral fractures. However, information regarding external forces or incident falls that caused fractures was difficult to assess by a selfadministered questionnaire. Second, we did not measure BMD and thus FRAX scoring was not available. Although the validation of hyperadiponectinaemia as a predictor for fractures was evaluated, we were unable to determine whether the addition of serum adiponectin to the scoring algorithm was favourable. Third, only total adiponectin levels were measured. Although adiponectin may function differently depending on adiponectin multimerisation [35] , it has been reported that the correlation between total and high-molecular-weight adiponectin is significant [36] . Furthermore, the correlation with fractures was stronger for total adiponectin levels than high-molecular-weight adiponectin levels [23] . Finally, it remains unclear whether the conclusions of the current study can be generalised to other ethnic populations. Particularly, there may be racial or ethnic differences in serum adiponectin levels, and genetic variants do exist in the adiponectin gene [37] . Serum adiponectin levels were not elevated in a Japanese population, even though Japanese individuals had a much lower prevalence of obesity [38] .
In conclusion, the present study demonstrates that serum adiponectin levels may be useful to predict future fractures in individuals with type 2 diabetes, including postmenopausal women. Further studies are required to confirm our findings in other populations.
